Zika epidemiology

Reported cases
Zika virus (ZIKV) was discovered in 1947. The first reported case of Zika fever was in a sentinel rhesus monkey in Uganda in 1947, while the first human cases were reported in Nigeria in 1954 (32) . In 1954 a serological surveillance study in French Equatorial Africa showed only 0.5% were positive for Zika antibodies. Since the first evidence of human infection, Zika was active in several countries in Africa and Asia, as sporadic cases and serological evidence of Zika reported in surveys and case reports demonstrated (104) . In Nigeria (1971 Nigeria ( -1975 , 38% of the individuals had neutralizing antibodies to Zika in sera and Zika Virus was confirmed by serologic test in 3.1% of febrile patients in an hospital in Java, Indonesia (1977) (1978) (97) .
From 1983 until 2006, there were no publications about Zika Virus, until the Yap Island outbreak in 2007, the first major outbreak ever reported, with 185 confirmed cases. It was detected for the first time in Oceania (91) . The attack rate in Yap State, located at the Federated States of Micronesia in the Western Pacific was 14.6 per 1000 inhabitants and the mean age was 36 years (24) . It was estimated a Zika infection rate (positive immunoglobulin M) of 73% (95% confidence interval, CI: 68%, 77%), and clinical manifestations in approximately 1 in every 5 infected people (44) . Yap State, located at the Federated States of Micronesia in the Western Pacific, estimated that over 72% of their residents over 3 years of age were infected with ZIKV (89) . A total of 108 cases were confirmed by PCR or serology, 72 cases remained suspected, and no deaths were reported. The most common symptoms were rash, fever, arthralgia and conjunctivitis. The most probably vector of transmission was the mosquito Aedes hensilli, the predominant species identified during the Yap Island outbreak. A hypothesis regarding the way of introduction of Zika Virus had been raised: a viremic person travelling from the Philippines could have introduced it (9) . Yap Island outbreak was also the first time Zika fever had been reported outside Africa and Asia (46) .
From 2008 to 2013, 4 studies were published on Zika: 3 case reports and 1 surveillance study. Three cases of Zika occurred in Senegal and Colorado. It seems that two scientists acquired ZIKV in Senegal and then they returned home to Colorado, where one of them transmitted the virus to his wife via semen (38) . Two cases N o n -c o m m e r c i a l u s e o n l y of Zika virus were reported in Cambodia (48, 49) , while the surveillance study was conducted in Cameroon (36) .
There were no other publications about Zika Virus in the Pacific region until 2013, when another large outbreak was reported in French Polynesia. It seems that this one had an independent virus introduction than the Yap Island outbreak (98) . It was the largest Zika virus outbreak until that moment. From October to April 2014 it was estimated that 3000-32,000 people (11.5% of the entire population) used the health facilities with Zika-like symptoms (29) . A total of 383 cases were confirmed by serology and the mean age of those patients was 28 years (75) . A serological surveillance study conducted from 2013 to 2014 among blood donors found that 2.8% were reverse-transcription polymerase chain reaction (RT-PCR) positive for ZIKV. Out of the positive donors, 26.2% reported Zika fever-like disease from 3 to 10 days after blood donation (90) .
During this outbreak there was an increase in the number of neurological and autoimmune complications: 2.3 cases per 1000 showed neurological complications and 1.3 cases per 1000 (42 cases) had Guillain-Barré Syndrome (GBS), suggesting a possible association between ZIKV and GBS (29) . Among the GBS cases, 88% reported a viral syndrome up to 23 days before the beginning of the neurological syndrome. One case was confirmed by RT-PCR, while several other cases were found to be immunoglobulin G-positive against Zika after the neurological signs. The mean age of those patients was 46 years, 74% were men and no deaths cases were reported, even if fifteen cases required intensive care, and 9 needed mechanical ventilation (29, 75) . French Polynesia authorities identified 17 cases of malformations in fetuses and newborns (28) None of the pregnant women reported clinical signs of Zika, but the serological test performed in 4 women showed that they were immunoglobulin G-positive for flavivirus, suggesting a possible asymptomatic Zika infection (28) . Two cases of perinatal ZIKV transmission was reported in French Polynesia from 2013 to 2014 (3) .
The French Polynesian outbreak quickly spread to other Pacific islands (89) . New Caledonia health authorities declared a ZIKV outbreak in February 2014, and by the end of August, 1400 cases had been reported (116, 149) . Cook Islands declared a Zika Virus outbreak in March 2014 with 905 cases reported (134) . Also Fiji, Samoa, and Solomon Island reported autochthonous cases. Other countries, such as Philippines (1) and Thailand (5) reported several ZIKV cases. Also Japan (66), Australia (110), Italy (154), Germany (130) , Norway (140), Canada (37), United States (78) and United Kingdom (50) reported imported cases without autochthonous transmission.
Chile health authorities reported the first autochthonous case of Zika Virus on 28 January 2014. At the end of the outbreak 51 of 89 samples from suspected cases of Zika were confirmed by RT-PCR and female were more likely to have Zika infection than males (8) .
In May 2015, the Pan American Health Organization (PAHO) issued an alert regarding the first confirmed Zika virus infections in Brazil (155) . Serum samples from 24 exhantematic patients from Camaçari, Bahia, Brazil, were tested by RT-PCR and seven of them presented were confirmed for Zika Virus. In December 2015 Brazil reported autochthonous virus transmission (51) .
Statistical research estimated that the number of suspected cases of ZIKV infection ranged from 440,000 to 1,300,000 by the end of 2015 (118) .
In Bahia the attack rate in 2015, detected among reported cases, was approximately 4.4 per 1000 inhabitants and some cities, such as Camaçari, Itabuna, Senhor do Bomfim, and Monte Santo, have an attack rate greater than 25 per 1000 inhabitants (149) .
Ten of 224 samples from suspected cases of Zika Virus were confirmed and 7 of those had also a neurological syndrome. Brazilian authorities reported an increase in the number of neurological manifestations and GBS during the outbreak. (46) . Because of the growing evidence of a link between Zika and microcephaly the CDC issued a travel alert on January 15, 2016 advising pregnant women or women thinking about becoming pregnant to postpone travel to the following countries and territories: Brazil, Colombia, El Salvador, French Guiana, Guatemala, Haiti, Honduras, Martinique, Mexico, Panama, Paraguay, Suriname, Venezuela, and the Commonwealth of Puerto Rico (98) .
In an epidemiological update from 2 June 2016 the Pan American Health Organization (PAHO) identified 39 countries and territories in the Region of the Americas have confirmed local, vector-borne transmission of ZIKV since 2015 (41) .
In the past 5 years, 163 cases (5.6 per 100,000 live births) of microcephaly were identified each year, according to routine birth reports. In 2015, there were 3530 (121.7 per 100,000 live births) suspected cases of microcephaly reported including 46 deaths, mainly in Pernambuco, where there were concentrated 35% of the total of suspected cases of microcephaly (100) .
ZIKV RNA was found in amniotic fluid samples from 2 pregnant women with foetal microcephaly (80) . The two women had Zika-like symptoms at gestation weeks 18 and 19. Currently, autochthonous Zika transmission has occurred in 27 counties in the Americas, such as Colombia (16,419 reported cases; 66.4% were female; 798 laboratory-confirmed cases); Guatemala (17 suspected cases); Mexico (confirmed local transmission); Panama (3 cases); Paraguay (6 laboratory-confirmed cases); Venezuela (4 laboratoryconfirmed cases, 15 GBS cases); El Salvador (240 cases, 46 GBS cases, 54% of them male, and 2 deaths); Honduras, and Martinique. Bolivia, Guyana, Ecuador, Guadeloupe, Guatemala, Puerto Rico, Barbados, Saint Martin, and Haiti have reported sporadic transmission following recent introduction (30) .
Death attributed to ZIKV are rare, however some deaths caused to ZIKV have been reported (98) . Brazilian Health Official reported three cases of people died for ZIKV complication until May 2016, four death were reported in Colombia and three in Venezuela (101).
The importation of ZIKV cases to areas where competent mosquitoes are present poses a risk of mass dissemination of ZIKV globally. This most recent information demonstrates the extraordinary capacity of ZIKV to rapidly spread to non-endemic areas throughout the world where the mosquito vector is present (154) . 
Vectors
Zika is a mosquito-borne RNA virus belonging to the Flaviviridae family that can causes a not specific disease in humans. Zika virus's reservoir is not clearly identified, but it is supposedly maintained in a sylvatic cycle involving non-human primates and several Aedes species as mosquito vectors. Infection in humans is acquired after a bite by a female infective mosquito in endemic countries. The virus is endemic in Africa and south-east Asia: a phylogenetic analysis based on sequencing of non-structural protein gene (NS5) reveals two main distinct lineages. The African lineage has mostly a zoonotic cycle between non-human primates and mosquitos of Aedes species; it can also be transmitted to humans in urban areas. It spreads in Uganda, Central African Republic, Senegal, Nigeria and rural areas of tropical sub-Saharan Africa (35) .
The Asian lineage has a zoonotic cycle between non-human primates and arboreal Aedes spp; it can also be transmitted to human. It is responsible of cases from the South Pacific, the Americas, Europe and Asia. (13) Zika Virus has been isolated from different species of Aedes mosquitos, but other species, such as some anopheles, culex and mansonia have been proposed as possible vectors (13) . Aedes species present special difficulty to vector control agencies, because they can reproduce in very small amounts of water and their eggs are extremely hardy, and can survive drying for more than a year.
The first isolation was in 1948 from Aedes africanum in the Uganda forest: since then, it has been isolated in sylvatic mosqui- Distribution of Aedes aegypti is limited to hot wet regions and cannot easily spread to other areas: it is currently distributed in Africa, South-Eastern US, the Middle East, South-East Asia, Pacific and Indian Islands and Northern Australia. Reports from Europe show its presence in Madeira, Netherlands and north-eastern Black Sea coast (Figure 1) (132,156) .
Ae albopictus, conversely, has a widespread distribution, even in temperate regions. This mosquitoes adapted themselves to cooler regions: they are active all year long in tropical region, while they hibernate over winter in temperate regions. During the past three decades, with passive transport of eggs in used tyres and lucky bamboo, Ae albopictus has spread from Asia and established in South Pacific, the Middle East, Europe, Africa, the Americas and the Caribbean (Figure 2) (62, 63, 85, 103, 157) .
The ability of the mosquito to transmit ZIKV depends on the combination of its competence (biological capability to transmit a virus) and capacity (efficiency with which it transmits a disease). Ae aegypti and Ae albopictus have similar characteristics, even if the capacity of Ae albopictus is lower (Table 1) .
Recently a large increase in the circulation of ZIKV was observed worldwide, which initially was endemic only in Africa and Asia. It is now spreading in the Americas, above all in Latin America, but cases have been reported even in Europe and Oceania. Autochthonous transmission is established in countries like Brazil, where a large concentration of cases is observed. Travellers from these countries are able to introduce Zika virus into new countries, where Aedes vectors can become infected and maintain the local transmission cycles (Figure 3 ).
Transmission
Aedes Aegypti and Aedes albopictus mosquitoes are the most important vectors in the urban transmission cycle of ZIKV (39) . These mosquitoes are highly susceptible to ZIKV infection in vitro, with potential for further transmission after an extrinsic incubation period of 5-10 days (145) . Ae. aegypti and Ae. albopictus usually lay eggs near still water and bite both indoors and outdoors, mostly during daytime. Mosquitoes become infected when they feed on a person already infected, then they can then spread the virus to other people through bites (145) .
Even if mosquito bites are the main mode of transmission, some cases of non-vector-borne infection have been reported. A pregnant woman already infected with ZIKV could transmit the virus to the foetus during pregnancy or around the time of birth. The perinatal transmission is probably caused by viral crossing of the placenta or by viraemic mothers delivery, and mother and baby present the same clinical symptoms. ZIKV is also a cause of microcephaly and other severe foetal brain defects. Zika virus has been detected in breast milk, but transmission through breastfeeding has not been yet reported.
Review
The epidemiological importance alternative ways of transmission is unknown. Sexual transmission of ZIKV has been documented in areas with no mosquito vectors (54) . Although the most recent information report that Zika can remain in semen longer than in other body fluids, including vaginal fluids, urine, and blood (88), the actual time window is not clear.
[ Recent Zika virus outbreaks and their risks led to consider transfusion of hemocomponents as another possible way of transmission, as Zika virus genome can be detected in whole blood until the 58th day after the disappearance of the symptoms, longer than for urine (26 days) and serum (3 days) (74) .
During the 2013 and 2014 French Polynesia Zika outbreaks, 42 blood donators out of 1505 (3%) presented the virus even if they did not show any symptom at the time at blood donation. Of the blood donors positive for ZIKAV, 11 (26.2%) declared that they had a fever-like syndrome 3 to 10 days after donating (2, 68, 90) . Zika virus RNA was also detected in 2016 in asymptomatic blood donors in Puerto Rico; between April 3 -June 11, 2016, a total of 68 (0.5%) presumptive viraemic donors were identified from 12,777 donations tested (64) .
Although the blood donor population of Puerto Rico is not representative of the general population, the increasing prevalence of Zika virus nucleic acid among blood donors probably reflects an overall increase of incidence in the population (105) .
Research reported several Flavivirus transmissions -Yellow fever, West Nile and dengue -occurred through blood transfusion, all of which have been shown to produce detectable viraemia during asymptomatic and symptomatic infections (86, 127) .
The main problem in the prevention of transfusion transmission is the high rate of asymptomatic infections and the mild symptoms that may go unnoticed. Furthermore the incubation period for Zika virus, during which viraemia is possible, varies from 3 days to 14 days (66,76).
The Brazilian media reported possible cases of transfusiontransmitted Zika virus in March 2015 and in February 2016 and a probable case of transfusion-transmitted Zika virus infection in Brazil has been recently published (52, 67) .
Data, though limited, indicate that there is a potential risk of Zika virus transmission through blood transfusion that may have consequences to the health of recipients (31, 68) .
Even if the scarcity of reported cases of donor-derived Zika virus infection precludes a more accurate risk assessment, the association between Zika virus infection and congenital malformations justifies measures to reduce the risk of transmission via SoHO supply (69, 150) .
Conversely, the risk of blood donations by people infected after sexual contact with traveller returning from affected areas was shown to be extremely low in several evaluation studies conducted in Netherlands, Australia, and Frances (150) .
Although there are no documented cases of Zika virus transmission through donated cells, tissues and organs, this possibility cannot be excluded due to the confirmed presence of the virus in human blood and bodily fluids. ZIKV RNA and/or protein, in fact, has been detected in urine (43) , saliva (92) , amniotic fluid (96) and placental tissues (77) , highlighting the possibility of other types of transmission.
Alternative suspected way of transmission of ZIVK infection are those reported for other Flaviviruses. They include mucocutaneous exposure to the virus in infected blood or via monkey bite, haemodialysis, or organ transplantation (15) . It is unknown whether ZIKV could be transmitted via respiratory droplets as viral RNA could occasionally be detected in nasopharyngeal swab and saliva samples (13) .
Symptomatology
Zika infection is an acute exanthematous disease; for many years it circulated silently in Africa and Asia and data about cases of Zika were restricted to case reports and serological surveys; clinical manifestation was comparable to that of nonspecific viral illness.
Infection seems more frequent in women, but this may be due to the higher attendance to health services compared to men. No difference between ages was shown. Reports of child infection are limited, but they seems similar to that of adults with asymptomatic or mild symptomatic cases (60) . Zika virus infections are mainly asymptomatic (75-80%); the symptomatic infection is similar to other arboviral infections (i.e. dengue and chikungunya). More than 95% of symptomatic infections, as described in Uganda, Yap Island and Brazil, show a mild illness characterized by maculopapular rash, which usually begins on the trunk and spreads to the arms and legs (90%), low-grade fever (65%), arthritis or arthralgia (65%), non-purulent conjunctivitis (55%), myalgia (48%), headache (45%) and retro-orbital pain (39%). Less common symptoms are anorexia, vomiting, diarrhoea, dizziness, leg pain, lymphadenopathy and hypotension (80, 139) .
Zika virus shows neurotrophism and some neurological syndrome seems associated to this infection. Guillain-Barré syndrome (GBS) an autoimmune, acute, ascending polyradiculoneuropathy and foetal microcephaly (foetal head circumference under the average for gestational age), periventricular and cortical micro-calcifications and hypoplasia cerebellar and ophthalmological manifestations following maternal infection during pregnancy have been observed (13, 55, 141, 142) .
The potential association between Zika infection and neurological syndrome was first described in French Polynesia in 2013 and later in Northeast of Brazil in 2015, after observation of an increase of cases of Guillain-Barrè syndrome. The association was demonstrated in the State of Pernambuco, with the isolation of ZIKV from 7 patients affected by GBS (4). In October 2015 an increase in the number of cases of neonatal microcephaly was observed in the State of Pernambuco (there were 58 cases in a single month, far exceeding the total number of cases registered in previous years) and physicians started to investigate a connection with Zika infection in pregnant woman. The first laboratory confirmation of this came from Paraíba State with RT-PCR positivity in two pregnant women whose foetuses presented with microcephaly (4, 7) . No cases of microcephaly were described in the French Polynesia outbreak. In 2016 ware described two cases of microcephaly in Hawaii and Slovenia: pregnant mothers were infected while in Brazil (11, 82) .
Fatalities attributed to Zika infection are sporadic, except for foetal losses in women infected during pregnancy and infants with severe congenital ZIKV disease. Anyway, because the current epidemic is rapidly evolving, some deaths related to ZIKV have been reported. In October 2015, a 15-year-old girl previously diagnosed with sickle cell disease died with vasal occlusion, triggered by inflammation and severe splenic sequestration. On February 2016 four deaths were reported in Colombia and three in Venezuela. According to Brazilian health officials, until May 2016 three people died from complications linked to the ZIKV. At the end of February 2016 in Puerto Rico, a 70-year-old man died of complications related to severe thrombocytopenia (98).
Vaccine development
There isn't currently a ZIKV-specific vaccine available, but the many cases of Zika Virus outbreak (8) and malformation in foetuses (18, 30, 70, 147) make it necessary to develop a vaccine. At now the methods used for developing ZIKV vaccines are based on proven strategies used against other flaviviruses. However, Zika Virus carries a lot of challenges, such as pregnant women and other immunocompromised people as vaccine target, the risk of stimulating autoimmune or antibody-dependent immune responses, frequently silent infection that may delay the therapy and increase the risk of transmission, and also the different types of transmission.
In 
Chikungunya epidemiology
Chikungunya fever epidemics display secular, cyclical, and seasonal trends. These epidemics are characterized by explosive outbreaks interspersed by periods of disappearance ranging from several years to a few decades. Several mechanisms play a role: the human and the mosquito vector susceptibility to the virus; conditions facilitating mosquito breeding (resulting in a high vector density), ability of the vector to efficiently transmit the virus (83) .
There are historical accounts of epidemics of fever, arthralgia/arthritis, and rash, resembling what is now called Chikungunya fever dating back to 1824 from India and elsewhere (61) . Ancient possible cases of Chikungunya fever (CF) included a widespread epidemic of self-limited febrile illness in Africa, Caribbean, West Indies and India in the 1820s. Subsequent cases in Calcutta in 1853 and 1871 have been probably originated from Zanzibar; the most ancient reported cases of Chikungunya fever in Asia are compatible with an African origin (133) . Chikungunya virus (CHIKV) was firstly detected in Central/East Africa, where is maintained in a sylvatic transmission cycle between non-human primates, small mammals (e.g. bats and monkeys) and Aedes mosquitoes (6) .
During interepidemic periods, CHIKV is maintained in Africa via a sylvatic transmission cycle between forest-dwelling mosquitoes and non-human primates (57) , involving a number of species of mosquitoes which includes Ae. aegypti, Ae. africanus, Ae. luteocephalus, and Ae. furcifer-taylori, in addition to wild primates. In Asia, conversely, the virus is maintained in cycles between Ae. aegypti or, most recently, Ae. albopictus and humans. Venereal transmission of CHIKV in A. aegypti, with the identification of male mosquitoes positive for CHIKV, and transovarial transmission has been reported (108) .
Urban chikungunya fever outbreaks are initiated by spillover infection of humans from enzootic African transmission cycles. The first identified outbreak of Chikungunya, with an incidence estimated at 23%, was reported from July 1952 to March 1953 in the Southern Province of the currently Tanzania (120). The virus was first isolated from a febrile patient by Ross in 1953 and described by Robinson and Lumsden in 1955 during a dengue epidemic that occurred in the Newala and Masisi districts (22, 121) (along the border between Mozambique and Tanganyika). The specific region of focus was the Makonde Plateau.
Since its discovery, numerous Chikungunya re-emergences have been documented. Currently, the Chikungunya virus has been identified in over 60 countries (Figure 4) (146) . The risk of importation of CHIKV into new areas is ever present because of the high attack rates associated with the recurring epidemics, the high levels of viraemia in infected humans, and the worldwide distribution of the vectors responsible for transmitting CHIKV.
Virus
Phylogenetic studies revealed the existence of two major enzootic CHIKV lineages in Africa: Western, and East/Central/South African (ECSA) (14) . In addition to that, Asian genotypes also exist with distinct antigenic and genotypic characteristics (53 RNA viruses great capacity for genetic variation has long been known and is due to the inability of the viral RNA-dependent RNA polymerase (RdRp) to error correct. The frequent nucleotide misincorporation during replication gives rise to heterogeneous populations of viral RNAs which take the name of mutant swarms, typical of alphaviruses like CHIKV. Most mutant genomes are detrimental and removed from the swarm via purifying negative selection, while positive selection of a fit phenotype results in increased abundance of a genotype. A dynamic mutation-selection balance therefore determines the size and genetic diversity of a mutant swarm.
This mechanism often leads to the evolution of geographically isolated lineages, occasionally changing the vector or host specificity. The populations thus generated may contain a variant that is selected due to a competitive advantage, such as the ability to replicate to higher titres in a mosquito or vertebrate host, or to extend its host range. Such was the case for CHIKV, where a single mutation, alanine to valine at position 226 in the E1 envelope glycoprotein gene (A226V E1), facilitated CHIKV replication in and therefore transmission by the highly anthropophilic Ae. albopictus, thus originating the ECSA Indian Ocean lineage (IOL) genotype (124) . The E1-226V variant was more efficiently transmitted by A. albopictus (137) , with a roughly 40-fold more efficient initial infection of midgut epithelial cells. The selection of the E1-226V variant occurs at the initial infection of the midgut of A. albopictus, leading to a higher viral dissemination and transmission of the IOL genotype by this mosquito. In addition to facilitating the explosive Indian Ocean epidemic, this mutation also allowed substantial geographic expansion of CHIKV throughout sub-Saharan Africa, Southeast Asia, and into Europe (133) . Although the A226V E1 mutation itself modulates CHIKV infectivity and transmission by Ae. albopictus, this mutation is limited to CHIKV ECSA strains, and other mutations in E1 and E2 have been found to block the A226V E1-mediated adaptation to Ae. albopictus (137) .
The A226V E1 mutation has arisen independently at least four times in response to a requirement of transmission by Ae. albopictus (i.e., in areas without Ae. aegypti or areas populated by Ae. albopictus and Ae. aegypti) (26) . The result is that Ae. albopictus has become a major CHIKV vector.
Following the detection of the A. albopictus-adaptive A226V substitution, the impact of CHIKV genetics on urban vector infection and transmission has received considerable study. The distinction in vector specificity for Ae. aegypti by CHIKV is determined by genetic sequences in the structural genes (17) , however the impact of single genetic loci in both regions still remains to be characterized.
Further phylogenetic/reverse genetic studies of IOL CHIKV revealed a series of four independently acquired second-step, A. albopictus-adaptive mutations, all involving E2 substitutions, one of which relying also on a synergistic effect with an E3 substitution (136) . Each of these mutations increases initial infection of the mosquito midgut and has little or no effect on infection of A. aegypti. Furthermore, at least one combination of these mutations leads to a more efficient A. albopictus infection than that of any natural CHIKV strain studied to date, suggesting further vectoradaptive evolution and even more efficient circulation in regions where this mosquito is abundant. Structural modelling of these A. albopictus-adaptive envelope glycoprotein substitutions suggests that they alter the entry process in endosomes by affecting conformational changes required for E1 fusion with endosomes rather than directly affecting receptor binding (17) .
An increased vector range further increases the risk of importing CHIKV into new ecological niches through infected travellers returning from destinations experiencing CHIKV epidemics. It has been predicted that combinations of these additional adaptive mutations would evolve in endemic strains in India and Southeast Asia, mediating even greater fitness in Ae. albopictus, and that these strains would spread globally. Furthermore, an outbreak in 2013 involving the Asian lineage of CHIKV on Yap Island involved Ae. hensilli (123) . Virus detection in one pool of male mosquitoes suggested vertical transmission.
Vectors
CHIKV circulates in two distinct transmission cycles: enzootic transmission among nonhuman primates and perhaps other vertebrates by arboreal Aedes spp. mosquitoes in sub-Saharan African sylvatic foci, and urban transmission among humans by A. aegypti and/or A. albopictus.
The urbanization of CHIKV, with epidemics occurring in peridomestic settings following the emergence of enzootic strains, coincides with the involvement of anthropophilic mosquitoes: A. (Stegomyia) aegypti and A. (Stegomyia) albopictus (Skuse), favoring inter-human transmission. Phylogenetic studies indicate that the establishment of the urban transmission cycle has occurred on multiple occasions from strains circulating in the eastern half of Africa in nonhuman primate hosts.
Aedes aegypti and A. albopictus have both spread beyond their native ranges via commercial trade and desiccation-resistant eggs (56) .
Aedes aegypti, originated in African forests and is today present in most tropical countries (33) . In Africa, A. aegypti is present in two genetic forms: the dark and sylvatic A. aegypti formosus, found in forested habitats and using tree holes as larval development sites; and the pale and domestic A. aegypti aegypti, which is widespread in the tropics and subtropics and uses artificial larval habitats mainly in urban environments (Figures 5 and 6) .
Aedes aegypti aegypti originated from the forest-dwelling formosus form, which may have spread from tropical African forests to North Africa where it probably became domesticated under pressure to use artificial water storage containers as larval habitats. These mosquitoes progressively differentiated into domesticated populations known as A. aegypti aegypti. Human trading activities later introduced this subspecies globally throughout the most of the tropics and subtropics: the New World via the African slave trade from the 15th to 19th centuries, Asia in the 18th and 19th centuries, and the Pacific islands with troop movements during World War II.
Aedes aegypti can exist sympatrically with A. albopictus and also often shares larval habitats.
Aedes albopictus, originally described by Skuse in Calcutta, India in 1894 originated in forests of Southeast Asia (47), but is now is commonly found in peri-urban, rural and forested areas on five continents. Aedes albopictus has no particular ecological specialization, colonizing both temperate and tropical regions. Two types of populations are described: temperate populations imported to the U.S. from Japan and then from the U.S. to Europe (79), where they are now established in 20 European countries; these temperate populations are characterized by diapausing, cold-resistant eggs.
Ae. albopictus easily adapts in both the rural and urban environments, that makes it an ideal viral vector. Besides, the mosquito's eggs are highly resistant even in dry periods, giving rise to larvae in rainy season. All of these characters make Ae. albopictus, an important vector for spreading this disease. Ae. albopictus is geographically distributed in Asia, Europe, Middle East and America.
Since the 1980s, Ae. albopictus has invaded and become established in many parts of the world, including the Americas and Europe. The range expansion, primarily due to human activities related to global commerce, together with viral evolution described below, has been a major contributory factor to the spread of CHIKV. (113) . Subsequently, the CHIKV IOL was introduced to India (153) and the surrounding islands, Sri Lanka (65) and the Maldives. In Africa, the CHIKV E1-226V variant was also implicated outbreaks in Cameroon (107), Gabon (106) and Congo (84) . This variant also caused the first European CHIKV outbreak in Italy in 2007 (115) . Since 2008, IOL CHIKV strains were also imported into Southeast Asia: Malaysia (119), Singapore (95), Thailand (131), China (152), Cambodia (25) and Bhutan (143) .
In September 2010, autochthonous cases of CHIKV were reported in southeast of France (42), again with A. albopictus as the vector. In Southeast France, this species appears to behave differently compared to its tropical counterpart, as it efficiently transmits the E1-226A IOL variant detected in local circulation. Aedes albopictus has been found in in 18 French departments as well as 19 other countries in Europe (135) .
Prior to December 2013, CHIKV transmission was not documented in the Americas, despite numerous introductions and the presence of conditions that are apparently suitable for its establishment (71) . In October 2013, two laboratory-confirmed, autochthonous CHIKV cases were detected in the French territory of Saint Martin Island, in the Caribbean Sea (102) . Surprisingly, the CHIKV strain isolated belonged to the Asian genotype rather than (20, 58, 109) .
In Asia, the first CHIKV epidemic was documented in 1958 in Bangkok, Thailand (45) followed by numerous documented outbreaks in the Philippines, Cambodia, Vietnam, Laos, Myanmar, Malaysia and Indonesia (129) .
The epidemic reported in Bangkok in 1958, was the first significant urban outbreak of Chikungunya virus in Asia. CHIKV was isolated from blood specimens (collected from patients during the epidemic of dengue fever and a dengue haemorrhagic fever). There are biennial epidemic surges: in 1958, 1960, 1962 and 1964 there were 2297, 1660, 4187 and 5358 patients hospitalized in Bangkok, respectively (45) .
Other important outbreaks were reported from 1963 through 1973 in India, where the vectors are widely prevalent during the post monsoon season (16) .
CHIKV was first detected in West Bengal in 1963 and Calcutta experienced a concurrent epidemic of Dengue and Chikungunya between 1963 and 1965 (122) . In 1964, in the Southern Indian districts of Chennai and Vellore there were large outbreaks with >400,000 cases (10) .
Ten years later, in 1973, the CHIK virus was also identified in Solapur (Maharashtra Indian district). Comparison of two Asian Chikungunya virus strains that were isolated 10 years apart showed 99.4% identity (158) .
In 1969 CHIKV fever was reported in Sri Lanka. After 1973, no major outbreaks were registered in Asia, rather sporadic cases.
Localized outbreaks have occurred in the Philippines and Indonesia in the 1980s and in Malaysia in the 1990s. In Malaysia, the first outbreak was identified in 1998 (119) .
Phylogenetic analysis of envelope's glycoprotein, E1, indicates three lineages with distinct genotypic and antigenic characteristics: the East-Central-South African genotype (ECSA), the Asian genotype and the West African genotype reflecting the initial geographical distribution of the virus (128) .
In Africa, in addition to the historical outbreaks starting in the 1960s, a resurgence of CHIKV has been observed since the end of the twentieth century.
Since 2000s, outbreaks have become more frequent and emerging genetic evidence suggests possible mechanisms for evolutionary adaptation of the virus to the mosquito vector (6) .
In the Democratic Republic of the Congo, resurgence of the disease after nearly 40 years was observed in 1999-2000 during an urban epidemic in Kinshasa, which affected about 50 000 persons (94) .
Prior of 2004, CHIKV was endemic in Africa, Sud-Est Asia and India. The situation worsened when the CHIKV re-emerged in It was the first time, during an outbreak, neurological manifestations, foetal infections, and mortality (237 deaths) were associated with CHIKV (23) . During this outbreak, was observed an elevate death-rate and a case-fatality ratio of about 1 in 1000. A similar case-fatality ratio was observed following the outbreak in Port Blair, capital city of the Union Territory of Andaman and Nicobar Islands, India, in 2006 (158) . Prevalence of the disease on the Islands as well as the prevalence among pregnant women were of special interest. In July of 2006, the prevalence rate in the Réunion was found to be 34.3%, which was determined by a regional surveillance-system managed by the Cellule Interrégionale d'Epidémiologie (CIRE) (40) .
A large number of imported cases in Europe was associated with this outbreak. Several imported cases in France coinciding with the outbreak in La Réunion. In 2010 were reported 37 cases: 32 confirmed, 2 autochthonous (135). CHIKV diseases autochthonous transmission was reported in south-east of In particular, in Orissa, CHIK F was detected in 13 of the country's 30 districts and it spread to a wider geographic zone in a short period of time. The persistent number of cases in India in 2006-2007 and the high attack rate were probably attributable to a large amount of immunologically naive people, who help sustain viral transmission. Several other countries in South-East Asia were also affected. The majority of cases was reported from September to November (late monsoon season). The social and economic impact of Chikungunya fever has been considerable, especially in India. Phylogenetic analyses showed the strain was closely related to the Réunion Island strain while outbreaks reported in India in 1960s and 1970s were related to the Asian genotype.
CHIKV in India served as the source of viral introduction to Italy. In 2007 the virus caused the first autochthonous epidemic outbreak in Europe, in the north-east of Italy, with 292 suspected Chikungunya fever and 197 confirmed cases (115) . The majority of cases were reported from two neighbouring small villages separated by a river. The presumed index case come from a chikungunya-affected area in Kerala, India, in June 2007. The virus isolated from humans and A. albopictus mosquitoes was closely related to the ECSA genotype and had the E1-glycoprotein mutation.
Since August 2008, infections were also reported from Singapore, Malaysia, Thailand and Australia. CHIK fever has reemerged again in Thailand with several thousands of reported cases from at least 47 provinces. More than 42,000 cases of the disease were reported in southern Thailand, including the popular tourist destination of Phuket (131) .
In 2010, the virus continued to cause illness in India, Indonesia, Myanmar, Thailand, and the Maldives; it also has resurged in La Réunion. In the same year, imported cases also were identified in Taiwan, France, and the United States. These cases were infected viraemic travellers returning from Indonesia, La Réunion, and India, respectively (42, 71) .
Chikungunya virus travelled from its historic homes: Africa and Asia/Southeast Asia, to arrive and spread pandemically in the Americas, threatening permanent establishment (71) .
There were nine imported CHIK cases reported in the French territories, in the Americas since 2006: three in Martinique, three in Guadeloupe and three in Guyana. None of these travel-related cases have led to local transmission, but these cases documented an on-going risk for the introduction and possible sustained transmission of CHIKV in the Americas.
From 2006 through 2010, among travellers returning to the United States,106 CHIKV cases (probable and laboratory-confirmed) were detected (71) . From 2010 through 2013, 115 laboratory-confirmed chikungunya virus infections were identified among travellers returning to United States. Among 55 cases with known travel history, 53 reported travel to Asia and 2 to Africa. No locally-acquired infections were identified.
In the Philippines, the disease has re-emerged in 2011 affecting initially few provinces and spreading all throughout the country over the last 3 years. In 2012 and 2013, cases of Chikungunya fever have been confirmed in 43 of the country's 80 provinces and outbreaks have been reported (129) .
In late 2013, the first evidence of autochthonous CHIKV infection was reported in the Carribean Island of Saint Martin (French Antilles), It was the first instance of autochthonous transmissions of CHIKV in the Americas in the past century. The confirmed cases were 66 and suspected cases of around 181 in December 2013 (73) . Since 2013, local transmission has been confirmed in over 43 countries and territories in the WHO Region of the Americas. Since CHIK fever was first reported in St.Martin, the virus has spread to 45 territories in North, Central and South America causing > 2.9 million suspected cases and 296 deaths as of late July 2016. Particularly high incidences were reported in areas such Dominican Republic (41%) and Suriname (90%).
In the Island of St. Martin was reported the Asian lineage of the CHIKV strain. The Caribbean strain was nearly identical to strains circulating in the Philippines and China in 2012. In an immunologically naive population, CHIKV spread rapidly throughout the Caribbean region and beyond to most countries in the Western Hemisphere, including 11 autochthonous cases reported in Florida, USA, in September 2014. Autochthonous transmission has been detected in 34 countries and territories of the America (27 in the Caribbean, 3 in Central America, 2 in South America and 1 in North America). More than 1.2 million autochthonous cases were reported to Pan American Health Organization (PAHO) in the Americas for the period 2013-2014. Near the end of 2013, CHIKV was introduced to the Caribbean and resulted in a large outbreak that has now spread to Mexico and many countries in Centraland South America. By January 2014, numerous cases had been confirmed in five countries: St. Martin, St. Barthelemy, Martinique, Guadeloupe, and the British Virgin Islands. A viral isolate from the Virgin Islands was collected and sequenced by Centre for Disease Control (CDC). The strain's origin was Asian (67) .
In Brazil indigenous transmission were registered in Amapa and Bahia States, even during the period of low rainfall, exposing the whole country to the risk of virus spreading (19) .
There were cases in 15 atolls of the Caribbean in April 2014 and the total number of cases reached 35,000 (23) . Puerto Rico and Samoa have also reported locally acquired cases.
By the start of May 2014, there were more than 4100 probable cases, and 31,000 suspected cases spanning 14 countries, including French Guiana, the only non-Island nation with at least one reported case. The Caribbean Public Health Agency declared a Caribbean-wide epidemic of the virus.
In March 2015, the US CDC reported that CHIKV infection had been identified in 44 countries or territories in the Caribbean, North, Central and South America with more than 1.3 million suspected cases and over 28,000 confirmed cases (99) . The Isle of Saint Martin reported the highest incidence (115 cases/1000 population). Martinique (76 per 1000), Saint Barthelemy (74/1000) and Guadeloupe (52/1000) also reported high incidences of CHIKV infection. In late 2015 in the city of Dakar, Senegal, and the state of Punjab, India, significant outbreaks occurred. In the Americas in 2015, 693 489 suspected cases and 37480 confirmed cases of chikungunya were reported to the Pan American Health Organization (PAHO).
In South America, by January 2015, Colombia, saw their first local transmission of CHIKV and the country accounts for 70 percent of CHIKV cases in 2015 (356,254 confirmed or suspected cases in 2015) (12) .
Transmission
Chikungunya virus is usually transmitted to humans by the bite of an infected female mosquito. The mosquito species involvedfound in many areas of the world -are Aedes aegypti and Aedes albopictus. The risk of transmission to a second person is highest when the patient is viraemic -usually during the first 2/6 days of illness.
During pathogenic mechanism remains unknown. It has also been shown that caesarean section did not prevent transmission. In a second study, 38 neonatal cases were studied retrospectively. All of them developed symptoms between Day 3 and Day 7 (mean, Day 4). Mean interval between the onset in mothers and in the babies was five days. Frequent and prominent signs in the neonates were rashes (82%), fever (79%) and peripheral oedema (58%) (148) . Pregnant women present symptoms and outcomes similar to those of other people, and most CHIKV infections that occur during pregnancy will not result in the virus being transmitted to the foetus. However, when intrapartum transmission does occur, especially when a woman is viraemic in the last trimester or at the time of deliver (148) , it can result in complications for the baby, including neurological disease, haemorrhagic symptoms, and myocardial disease. There are also rare reports of spontaneous abortions after maternal CHIKV infection. Regarding the transmission through breastfeeding, Chikungunya virus has not been found in breast milk.
Chikungunya virus RNA can be detected in semen (93) ; although the detection of Chikungunya virus in semen can lead to a possible sexual transmission, no case has been documented. Furthermore, the virus could be spread through blood transfusion and organ donation, therefore, people living in high incidence areas of virus transmission should be excluded from blood donation as long as the transmission is on-going (148).
Vaccine development
Several animal models of CHIKF have been described. The cynomolgus macaque (Macaca fascicularis) model reflects human disease most accurately (114) , and therefore it is commonly used to study pathogenesis and vaccine efficacy.
When evaluating CHIKF vaccines, both humoral and cellular immunity have been assessed. For protection from disease, human and animal studies suggest that nAb are critical.
There are currently over 16 CHIKF vaccine candidates in preclinical and clinical development, each approach using a different strategy, with consequent varied safety and immunogenicity tradeoffs. Because these candidates are in different stages of development, the immunogenicity assays and animal models that are used vary widely, therefore making comparisons difficult.
Inactivated and subunit vaccines
Protein subunits and inactivated vaccines and are traditionally considered the safest platforms.
Inactivation is achieved irradiating cultured virus or exposing it to formaldehyde; this is then followed by purification to remove the chemical. This approach was first used for CHIKV in the 1970s.
The costs of manufacturing at high bio-containment and ensuring the total inactivation of the infectious virus are the main concerns with this approach (27) . However, the developmental pathway for inactivated vaccines is straightforward, does not require genetic manipulation of the virus, and has yielded successful vaccines for several viral diseases.
While biosafety level 3 measures are necessary for the inactivation of wtCHIKV, recombinant proteins synthesis does not require bio-containment. The favourable safety and manufacturing features of recombinant protein subunit vaccines has prompted the development of a number of CHIKF vaccine candidates using this platform.
One method uses either a combination of adjuvant E1 and E2 envelope proteins or E2 and adjuvant alone (21) . This approach, though, generates short-lived immunity, requires multiple doses, and provides only partial protection from viraemia in BALB/c mice. Additional efficacy studies in other animal models are required to better evaluate these candidates.
Virus-like particles
Virus-like particles (VLP) tend to be more immunogenic than inactivated or subunit vaccines while remaining equally safe. Several approaches are used to produce self-assembling VLPs, all of which require expression of the complete CHIKV structural protein open reading frame (ORF). One method uses a baculovirus to generate large amounts of protein. Another requires cells to be transfected with nucleic acids encoding these genes, which secrete self-assembling VLPs into the cell culture supernatant (27) .
Live-attenuated vaccines
The first live-attenuated vaccine progressed the furthest into clinical trials. This vaccine was created from a CHIKV isolate from Thailand and passaged in human lung cells (MRC-5) to generate an attenuated virus .This resulted in a virus that produced smaller plaques compared to the parental virus. In humans, this vaccine proved to be highly immunogenic, but also caused arthralgia in some of the vaccines (27, 72) .
Although 10 nucleotide differences were observed between the attenuated strain and its parent, the actual attenuation in caused by only 2 non-synonymous mutations in the E2 gene, and reversions at these positions occurred in human volunteers and mice. This proves the need to stabilize the attenuation mechanism of this vaccine before additional development.
Live virus-vectored vaccines
Another strategy in CHIKF vaccine development is the use of vaccine vectors, such as vesicular stomatitis viruses (VSV) and measles virus (MV), that have been used to generate vaccine candidates for other diseases. In this approach, the structural CHIKV genes are inserted into the vector's genome to produce a virus that, in MV, initiates expression of CHIKV structural proteins upon infection or, in VSV, contains CHIKV structural proteins embedded in the virion (112) .
Commercial and regulatory challenges
Several CHIKF vaccine candidates appear highly promising for protection against CHIKV. Because CHIKV is antigenically conserved, with extensive cross-reactions of antibodies, including nAb, and there is no evidence of reinfection (32), a single vaccine could probably provide worldwide protection. However, commercial and regulatory challenges for bringing a vaccine to market are to be taken into consideration.
Despite gaining international attention since it emerged in 2004, and especially since it spread to Europe in 2007 and to the Americas in 2013, CHIKV is rarely diagnosed during interepidemic periods lasting decades. This may lead to a return to obscurity after outbreaks subside with increasing herd immunity, with a consequent decline of the demand and the potential market for a vaccine. 
